Electron-beams with a sinusoidal energy modulation have the potential to emit sub-femtosecond xray pulses in a free-electron laser. The energy modulation can be generated by overlapping a powerful infrared laser with an electron-beam in a magnetic wiggler. Here we report on a new infrared source for this modulation, coherent radiation from the electron-beam itself. In this self-modulation process, the current spike on the tail of the electron-beam radiates coherently at the resonant wavelength of the wiggler, producing a six-period carrier-envelope-phase (CEP) stable infrared field with gigawatt power. This field creates a few MeV, phase-stable modulation in the electron-beam core. The modulated electron-beam is immediately useful for generating sub-femtosecond x-ray pulses at any machine repetition rate, and the CEP-stable infrared field may find application as an experimental pump or timing diagnostic.
The first generation of x-ray free-electron lasers have now operated for a decade [1] [2] [3] [4] [5] , supplying gigawatt xray beams to a variety of users [6] . These facilities typically lase by self-amplifying spontaneous emission (SASE), a process which produces longitudinally incoherent beams whose spectral widths lie in the range of ∆ω/ω ≈ 10 −3 − 10 −4 [7, 8] and whose longitudinal signatures match that of the electron-beam current at few to hundreds of femtoseconds in duration.
There is interest from the community of x-ray laser users in pulses capable of probing phenomena with subfemtosecond resolution [9, 10] . Successful experimental efforts [11] [12] [13] [14] [15] [16] [17] toward this goal have yet to break the subfemtosecond barrier at soft x-ray energies.
Single-spike, sub-femtosecond x-ray beams may be produced by electron-beams with a nearly single-cycle energy modulation [18] [19] [20] [21] . These beams could be generated by overlapping a single-cycle carrier-envelope-phase (CEP) stable laser with an electron-beam in a wiggler [22] . Suitable infrared lasers exist [23] , but challenges in optical transport and laser-electron synchronization hinder progress.
In this letter we demonstrate that an electron-beam may be modulated in a six-period wiggler with no external laser present at the Linac Coherent Light Source (LCLS). Instead, coherent radiation from a current spike on the electron-beam tail creates a quasi-single-cycle energy modulation in the beam-core. The modulation exhibits sub-femtosecond stability and is a few MeV in amplitude, in agreement with a line-charge model [24] [25] [26] , a paraxial model developed here, and the 3D code osiris [27] . These beam characteristics are sufficient for enhanced-SASE operation at any repetition rate.
A six-cycle, CEP-stable, gigawatt infrared pulse is a byproduct of this process. The pulse is timed with subfemtosecond precision relative to the electron-beam, and could therefore be used as timing fiducial or in pump- probe experiments.
A schematic of our experiment is shown in Fig. 1 . A beam of electrons with relativistic factor γ travels left to right along a sinusoidal path (green) of wavelength λ u = 2π/k u within a six-period planar wiggler. The resonant wavelength in the wiggler is
where the planar-wiggler deflection parameter, K, satisfies 0 ≪ K ≪ γ. The tail of the electron bunch, a current spike shorter than the resonant wavelength in the wiggler, emits coherently at the wavelength λ 1 = 2π/k 1 .
This radiation resonantly modulates the beam-core as it slips ahead of the electrons. When the oscillation amplitude, a u = K/γk u ≈ √ λ u λ 1 /π, is much larger than the transverse beamwidth, 2σ,σ
a line-charge model developed from the Liénard-Wiechert fields [24] [25] [26] adequately describes the selfmodulation process. This model includes short-range space-charge-like effects and long-range radiative effects [28] . It is relevant to our experiment, wherein σ ∼ 0.4. The energy-modulation in this model is complicated by a numerical solution to a transcendental equation, and the line-charge assumption prevents the understanding of beam-size dependence. We therefore develop a simplified 3D paraxial model that serves a complimentary role in explaining self-modulation. We are primarily interested in the radiative modulation of the beam-core. We demonstrate in the supplemental materials that the near-axis field described in FEL theory texts [29] is sufficient for calculating the radiation from the tail capable of modulating the beam-core. We also consider only the transverse radiative field under the slowly varying envelope approximation. Our analysis therefore fails to reproduce short-range effects, but does correctly predict the modulation in the beam-core.
The paraxial equation for the near-axis, wiggleaveraged, slowly-varying field amplitude E resulting from an electron-beam containing N e electrons is [29] 
where z is the propagation distance in the lab frame,
is the ponderomotive phase of the j th electron at a wiggleraveraged arrival timet, and x j = (x j , y j ) is the transverse position of the j th electron. We adopt the notation of [29] wherein the horizontally polarized electric field is E = Ee iθ + E * e −iθ x. Equation 3 only includes radiation at the fundamental harmonic, λ 1 . In our experiment harmonic content is suppressed by a current spike larger than λ 1 /3 in extent.
A Green's function for the first-harmonic modulation from an arbitrary current distribution may be calculated from the field produced by a delta-function distribution in the longitudinal dimension, θ j (z) = 0. If the transverse distribution of the beam is a symmetric Gaussian,
can be solved without approximation. Given the boundary condition that there is no electric field at the start of the wiggler, E(x, θ; z = 0) = 0, the field amplitude is
can be recognized as the TEM 00 Gaussian mode. This equation describes the field at angles relevant to self-modulation, but other references [30] [31] [32] should be consulted for a complete description of the radiation field. This carrierenvelope-phase stable few cycle pulse is coincident with the electron-beam and powerful enough to modulate the electrons it passes through. The field-induced relative energy modulation, ∆γ/γ = η, grows in proportion to the field [29] ,
where
2 mc 2 is a coupling factor. Equation 5 is a wiggler-period-averaged expression, meaning non-resonant terms that vary rapidly over a wiggler period have been dropped. The expression may be integrated over z and averaged over the transverse distribution to find the mean energy deviation
when 0 < θ < k u z, and η(θ) = 0 otherwise. The am-
2 /γ is most compactly written in terms of the classical electron radius r e . It can be several MeV under LCLS-like conditions, exceeding the slice energy-spread of the electron-beam. Our formalism is only valid in the beam-core where θ > 2π, a region in which
forσ = 0.4. The disappearance ofσ in this regime suggests Equation 7 should be consistent with the linecharge model. We demonstrate this agreement in the supplemental materials. We also discuss the effect of a large beam-width in the supplemental materials. Two components of Equation 7 contribute to the decay of the energy modulation along the bunch. The dominant term is the denominator in sinc θ = sin(θ)/θ, a result of diffraction. The factor (k u z − θ), a result of the noninfinite wiggler extent, represents a shortened interaction length for slices of the bunch far from the tail. Electrons θ/2π wavelengths away from the source only interact with the radiation over (k u z − θ)/2π wiggler periods. These two effects conspire to produce a quasi-single-cycle energy modulation.
Self-modulation was observed experimentally using an X-band Transverse deflecting Cavity (XTCAV) [33] at LCLS. The LCLS current profile has spikes at the head and tail of the bunch that are typically suppressed with two collimators in a dispersive section [34] . In this experiment we remove one collimator to maximize the peakcurrent in the tail.
In Fig. 2 the electron-beam phase-space from an XTCAV measurement is projected onto the longitudinal axis to reveal a high current spike on the electron-beam tail. Wiggler and beam parameters are given in Table I . This current profile is convolved with Equation 6 to produce a modulation profile. The current is also convolved with the Green's function for a line-charge model based on the Liénard-Wiechert fields [25, 26] . Evidently the paraxial model fails to reproduce the effect of the shortrange wake in the current spike, but it does correctly represents the energy-modulation in the beam-core where conditions are favorable for enhanced-SASE. The downward displacement of the paraxial model is also a result of the incorrect short-range behavior of Equation 6 . We note the compression factor R 56 = ∆z/η of the wiggler perturbs the current profile over 6 periods, a phenomenon not accounted for with these models. This effect is important for longer wigglers [35] .
We also performed a simulation of the self-modulation process in the beam rest-frame using the 3D particle-incell code osiris [27] . The simulation inputs were the current distribution in Fig. 2 , a 2 MeV rms slice-energyspread, a beam size ofσ = 0.4, a normalized emittance of 0.4 µm, and wiggler parameters given in Table I . The simulation time-step and grid-size were set to resolve shortrange effects, dx = dy = dz = 2c dt = 1/(16k ′ 1 ), with k ′ 1 representing the resonant wavenumber in the average rest-frame. The average rest-frame is boosted along the z-axis by a Lorentz-factor of γ z = γ/ 1 + K 2 /2 = 212.3 relative to the lab frame. The output energy modulation is in close agreement with the line-charge model. The measured energy modulation from XTCAV is shown in black for comparison. Due to challenges in reconstructing the exact phase-space before the wiggler, the data were shifted vertically and horizontally for comparison purposes. Only the modulation amplitude and wavelength should be inferred from these data. To demonstrate the stability of self-modulation we measure the variation in the modulation period, amplitude, and phase relative to the current spike for a series of 1800 consecutive shots in Fig. 3 . The raw rms modulation period variation is 340 as. Much of this variability is due to the 1.06 fs temporal resolution of the TCAV and linac jitter that modifies the peak current on a shot-by-shot basis. After filtering by the peak-current as measured in the second bunch compressor, the rms period variability drops to 190 as. Similar improvements are seen in the modulation amplitude and phase.
The intrinsic stability of the self-modulation process makes it a reliable replacement for modulation from an external laser.
As demonstrated in Fig. 2 , the beam tail has a large energy-spread [34] . This means the peak current in the tail may be controlled with R 56 adjustments between the linac and wiggler in a dispersive section called dog-leg 2 [36] . In Fig. 4 we provide an example of wagging the beam tail in dog-leg 2. With the near-optimal R 56 of −0.15 mm in Fig. 4(b) , the modulation amplitude in the beam core is largest. The overcompressed beam tail of Fig. 4(a) and the undercompressed tail of Fig. 4(c) yield a smaller modulation amplitude in the beam core.
A byproduct of the self-modulation process is a sixperiod, CEP-stable infrared light pulse at the resonant , and phase (bottom) for consecutive pulses in a 15 second timeframe. The rms width of a Gaussian fit to the binned data is also reported (right), for both the entire data set (light), and a data set where the peak current in the second bunch compressor is restricted (dark). wavelength of the wiggler. The radiated pulse energy can be estimated by measuring the average energy loss of the electron-beam as it travels through the wiggler. additional R 56 changes the current profile. The 2 MeV energy loss and a charge of 140 pC imply an infrared pulse with 280 µJ, or roughly 4 gigawatts over six periods, is produced every shot. Note that, while the beam modulation exhibits a quasi-single-cycle temporal structure, our paraxial model predicts that the IR pulse is composed of 6 cycles with a uniform power profile in time.
280 µJ is comparable to dedicated infrared sources available to LCLS users [37] . This pulse comes with sub-femtosecond timing-precision relative to the electronbeam at any linac repetition-rate. It is also possible to chirp the pulse with a wiggler taper, a feature that could be exploited for single-cycle infrared pulse production.
In conclusion, we have demonstrated the generation of a phase-stable quasi-single-cycle infrared energy modulation of an electron bunch in a wiggler. The modulation is induced by the interaction of the electrons with coherent radiation from the tail of the electron bunch. The quasisingle-cycle structure is largely due to strong diffraction along the wiggler, which lowers the field intensity experienced by the electrons far from the bunch tail. The modulation is a few MeV in amplitude and stable in phase and period at the hundred attosecond level.
This method enables enhanced-SASE operation of LCLS for attosecond x-ray pulse production, a topic discussed elsewhere [38] . The self-modulation process also results in the generation of a GW-scale CEP-stable infrared pulse that is timed to the electron bunch with sub-femtosecond stability. Finally, this passive modulation method is applicable to the next generation of highrepetition rate, high average power X-ray free-electron lasers.
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SUPPLEMENTAL MATERIALS

Line-Charge Model
In this section we arrive at Equation 7 by working from the Liénard-Wiechert line-charge model [25] . This model describes the energy modulation of an electron-beam of line density λ(s) propagating through an infinite planar wiggler. In this model the beam has no transverse extent, which produces an infinite space charge force that the authors subtract off [24] to recover tractability. What remains is both short and long-range curvature effects. Subsequent work [26] averaged the wake presented in [25] over a wiggler period for a large K wiggler.
Reference [26] describes the energy change after propagating a distance z in an infinite wiggler,
with
and
where s is the longitudinal beam coordinate,ẑ = k u z, ∆ = k u (z − z r ) is the scaled distance between a test particle at z and a source particle at the retarted position z r . This scaled longitudinal distance can be determined by numerically solving the following transcendental equation for ∆,
× (cos ∆ cos 2ẑ + sin ∆ sin 2ẑ)
where the beam coordinate s has been scaled to ζ = sγ 2 k u /K 2 . The B(∆,ẑ) in Equation 10 can be calculated from ∆,
The behavior of G(s) for ζ ≫ 1 was shown to contain harmonic content [26] G(ζ) = − 1 2ζ
where we have written harmonic coupling constant
in a way that suggests a direct connection to the paraxial approach in the main text. In order to recover Equation 7 we calculate the energy modulation in response to an electron-beam of N e electrons at s = 0, λ(s) = N e δ(s). After integrating Equation 10 by parts we find
where the electron radius r e = e 2 /mc 2 in this unit system. Following the discussion in the main text about the duration of our current spike suppressing higher harmonic content, the lowest order term in Equation 13 can be differentiated to give
where terms of order 1/ζ 2 have been dropped in the first line, the resonant condition k 1 ≈ 4k u γ 2 /K 2 for large K was used in the second line, and the amplitude η 0 from the main text was inserted. After identifying the ponderomotive phase with k 1 s, the only difference between Equation 17 and Equation 7 is in the term (k u z −θ). This discrepancy is expected since the line-charge Liénard-Wiechert model assumes an infinitely long wiggler. We therefore conclude that the paraxial approach in the main text and the line-charge Liénard-Wiechert model agree in the core of the beam.
Near-Axis Approximation
The importance of the scaled beam size,σ, is demonstrated in Fig. 6 . In this figure we reproduce the comparison between models and simulation from Fig. 2 with a scaled beam size ofσ = 3.0. All other parameters are the same. The wide beam-size suppresses the modulation amplitude like 1/σ 2 near the source, a feature captured by Equation 6 . As seen in Equation 6 , the modulation phase also changes near the source for largeσ. This is a result of the Gouy phase-shift. The Osiris simulation suggests that the paraxial model captures both of these effects correctly, while the linecharge model overestimates the modulation amplitude and yields an inconsistent modulation phase.
In the remainder of this section we provide additional support for why the paraxial model produces the correct modulation amplitude and phase in the beam-core for a wide range of beam sizes.
From the diagram in Fig. 1 we can infer that only radiation forming at angles below ∼ (a u + σ)/N λ u is capable of interacting with the beam N wavelengths from the source. If we are only interested in radiation in the beam-core, which is at least one wavelength from the tail, radiation is restricted to angles
The restriction for φ y is stronger since the beam oscillates in the xz-plane, φ y < σ/λ u . A natural scaling for angles in this problem is K/γ, the maximum angular deviation of an electron in a planar wiggler. The scaled angleφ x = φ x /(K/γ) is then restricted tô
This is a strong restriction whenσ < 1. When the scaled beam size is larger, as in Fig. 6 , another restriction becomes important. The principle of superposition dictates that in the angular domain, emission at the fundamental wavelength λ 1 = 2π/k u from a Gaussian beam of width σ x = σ is suppressed like exp(−k
x ). The restriction from this effect is thereforeφ
The same inequality applies to φ y . In Fig. 7 , Equations 19 and 20 are shown bounding the region of angular space relevant to self-modulation. Emission at angles larger thanφ x = 0.3298 cannot participate in the modulation of the beam-core at any beam-size. The impact of these restrictions on the field relevant to self-modulation is best demonstrated by examining wiggler radiation in the far-field under the resonant approximation. When K ≫ 1, Hofmann [30] writes the radiation amplitude of the m th harmonic in the spectral domain as where ∆ω/ω 1 (φ) = ω(1 + K 2 /2 + φ 2 γ 2 )/(2ck u γ 2 ) -1,
and a u = 1 2 1 1 + 2φ 2 (24)
As discussed in the main text, higher harmonic content is suppressed by the finite extent of the tail currentspike. We therefore compare the terms Σ 11 and 2φ x Σ 12 in Fig. 8 . In this figureφ y = 0 for simplicity. In .69 in Reference [29] . We therefore find that solutions to Equation 3 will yield the field capable of participating in self-modulation.
